JPL D-12771

Correlation of the Magellan Flight
PFR History With Ground-Test
Results

Prepared by:
Charles C. Gonzalez

Approved:

John E. Koch, Task Manager
Flight Performance Assessment RTOP

January, 1996

National Aeronautics and
Space Administration

S0

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California



PREFACE

The NASA Unmanned Flight Anomaly Reports present the results of a series of analyses of

in-flight hardware anomalies which have occurred on the Jet Propulsion Laboratory

JPL),

Goddard Space Flight Center (GSFC), and Air Force unmanned space programs. All of

these analyses are funded by NASA'’s Office of Safety and Mission AssuCartte@T)
under Research Technology Operation Plan (RTOP) 623-63-03, drligleidAnomaly
CharacterizationfFAC). The objective of these analyses is to search for meaningful
characterizations of in-flight anomaly data relating to trends, patterns, or similarities
can be exploited to improve Product Assurance Program processes, ultimately lead
reduced numbers of anomalies on future unmanned flight programs.
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For further information on the content of this report, contact Charles Gonzalez at (818)
354-2500. For additional copies of this document, contact the JPL Document Vellum Files

at extension 4-6222.

ABSTRACT

Correlation of the Magellan Flight PFR History with Ground-Test Results

This NASA Unmanned Flight Anomaly Report describes the results of an investigatﬂn and

characterization of in-flight and ground-test anomalies for the JPL Magellan Progra
primary objective of this characterization and analysis process is to find groups of an
that share some common characteristics and that might be eliminated on future spa
programs by an improved product assurance process.
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Correlation of the Magellan Flight PFR History with Ground-Test Results

SUMMARY

This reportsummarizes an investigation of in-flight anomatiest occurred on the
Magellan Program and their relationship &mvironmental testing. Aattempt is
made to characterize group thein-flight anomalies inorder tofind a common
thread of lessons learned fravagellan. This document describes a method for
evaluating in-flight anomalgata ancextending theanalysis topre-launchtest data
to identify testpractices that areffective in precluding fight problems. Bye same
token, it is notedvhen productassurance elemengher than testinpad a greate
influence on the occurrence of flight anomalies.

-

l. INTRODUCTION

Background

The Flight Anomaly Characterization RTOP has developed a method for characterizing and
analyzing in-flight anomalydata to betteidentify where improvements iproduct assurance
techniques and programs woudddnefitfuture flight programs. This method was based on the
Problem/FailureReports (PFRs) descriptions of thiromalyand the corrective measures taken.

The study described here augmentsflight PFR datawith information from PFRs generated

during the pre-launcground-test program. Ongnomaliesoccurring on theMagellanProgram

are considered here. A single program was selected because of the expanded scope of the study.
It was feltthatwhenall of the anomalies considerasdlere from thesame program, it would be

easier to correlate the flight results with the test results.

Correlation of thdlight anomaly history witithe ground-tegtistory provides insight into the
reasons for disposition of théight hardware when problems werdentified during the
development cycle. Thieardware dispositionncluding the risk accepted aftproblems were
revealed by testing and resultiagalysis, can be iiqued. Recommendations made usomiy
theflight data reports arlikely to bebased on the assumptitmat the appropriate testas not
performed, or that an incorredisposition of @estproblemoccurred. Investigation of thtest
history provides insight intother aspects of hardwadevelopment such as risk assumption. On
the otherhand, there aréestrelated issuethat wereilluminated byworking back through the
pre-launch phase after considerftight performance.All issueswereviewed inthe context of
the test program and why it was not 100 percent effective.

The Magellan flight program was selected because it was a recent program completing a
successful missiofut with significant flight problemshat provided amnterestingset of data to
deal with.



Objectives

The main objective of this study was to investightandividual Magellan Flight PFRs toy to
correlate them with the pre-launch developmeritaictional, and environmenté&bst history.

Each of the PFRs can be considered awissedopportunity somewhere in the hardware
development cycle. The question of whetliee test-progranmplementation, itself, was
responsible for failing to uncover the potential problem, or some other plaselwétassurance
andreliability engineeringvas responsible, is they issue considered here. A secondary issue is
whether the potentigdroblem should have been uncoveredh®system-levetesting or in prior
testing. If this can bdone, there will be a trail for potent@iscrimination among problentisat
arelower-level hardware-developmentalnature, i.e. partsyorkmanship, olassembly-level or
subsystem-level design issues, and problems resulting from system-level interface issues.

In those cases where testingdentified asthe weaklink, the next question iwhy the potential
problem escaped identification. Possible reasons include:

a) the wrong diagnosis of a hardware problem;

b) the wrong corrective action, and in conjunction with faikjre toretest toverify the
corrective action;

c) inadvertent failure to recognize the existence of a problem;

d) failure to supply the required rigor in the testing;

e) and waiving test requirements due to cost and schedule constraints.

There areflight problemswhere it isdifficult to explainthe inability of testing, on théasis of
issues such aestlevel and duration per se, to uncover the poteptiablem prior to launch.
There are other factorand other functions in theproductassurance cycleéhat have a strong
influence on the ability to prevent flight problems. These includeboth programmatic
considerations an@ther productassurance functions such asalysis. These factors and
functionswill be discussed as they amentified. In additionthe variougproductassurance
elements, includintgsting, can be considred to functiogether as a caplete process to ensure
hardware reliability.

Approach

The approach taken in this study was tothsdlight problem/failuregP/ Fs), from thélagellan
program, identified in a Fight Anomaly Characterization Tagkrt(Reference 1) and attempt to
trace thehistory of problems witlhe specifichardware associated witjiven flight P/Fs. One
source of data was the Jptoblem/ failurereport (PFR) dathasekept by theProblem/Failure
Operations (PFO) centeilhis also included copies tife problem/failurereports (also known as
MARS) generated by the Martin Mariettorp. (MMC). now the Lockheellartin Corp. which
will be referred to as LMC in thigeport. The MARS, generated by LMC during testing
performed by them, aravailable asback-up information fronthe JPL PFO Center. Both
electronicallyrecorded data and hard copy back-up data aranmation, such as incidents/
surprise/anomalyreports (precursors to PFRs) were usedaddition, personnel, both from JPL
and the system contractorthat had worked on the Magellan Flight Program were contacted.

Two techniques were used to sel@cbblem/failurereports generateduring functional and
environmental testing. Firghe actual back-umaterial available frorthe PFO Center fagach
flight PFR (including ISAs) contained references test PFRscontaining descriptions dest
problems. The PFO Center database was also scanned to seletttd?laRpeared to pertain to



problems with assemblies or subsystetimgt weresimilar tothe flight problems. In addition to
PFR and PFR-related data, other pertinent JPL documedtsternal IOMsvere used to obtain
information.

Il. DISCUSSION

There are aumber of reliability engineeringssessmerbols availablefor screening spacecraft

(S/ C) hardwargroblems before launch. Developmental, functional, and environmental testing
and inspections at thessembly, subsysteand systenfevel are important tools fanncovering
potentialflight problems. Mosassemblyand subsystem reliability-engineering activities and all
system level activitieare performed either by JPL osygstem primecontractor. Other testing
tools such adurn-in, life testing, and accelerated testing applied mostly on gart or
component basis, and frequently by the vendors and subcontractors involved.

A vendortypically has more than one customer parts and components; thus, the vendor is
relied upon to perforrtests orhis product. The vendanaynot always do screening atiteé or
gualificationtesting in a thorough enougay topreventdelivery ofparts and componentgth
potential problems. Otheegliability assessmertbols, besides testingnclude design reviews and
analyses, and failure modes and effects analyses, fault identification, complex circuit analyses, etc.

Twenty-six in-flight PFRswere investigated. Each one was assessed in terms of whether
developmental or environmental testing ataasembly or higher levelas deficient in terms of
allowing apotential problem to escape detection. Also consideezd specific issues such as
screening andife testing; materialproperties testingrequalification of inherited equipment;
retesting and requalification afteswork; and more thoroughspection ofall similarhardware

after a test failure.

.  PROBLEM SUMMARY

The following list of in-flight problem failure{P/Fs), by PFR number, provides descriptions,
causesfixes, environmental andtherissues related tthe PFR, asvell as, adiscussion of the
probable reasons why the P/F was not prevented from occurring in-flight by the product assurance
measures in place prior to launch. Tdwenbined impact othe PFRs on thmissionand the
reasons thepccurred are used terive the conclusions and recommendations presented at the
end of the report.

PFR 52222:The Magellan Star Tracker (or Scanner) Unit (STU) provides attitude updates to the
ACAS by acquiringtwo, known location, reference stangthin its field of view (FOVEA).
Beginning withthe firststar calibrations (starcalsattempted aftetaunch,the STUbegan to
generate unsuccessful starcanperinghe spacecraft attitude update procelRsview ofstar
scandata suggested that tlseanner signal waseing prompted by a stimulus other than the
target stars.This interference causdide starcal sequence to rejecttberect star datagsulting

in no attitude update; at othiemes, thefalsedata was accepted, producing an incorrect attitude
update. Starcallo. 1rejected the first referensarand missedhe second staNo. 2misread

the magnitudes of both stars, and No. 3 found both stars but rejected the first.

Analysiscentered on the Starchllo. 3failure. For each starcal in series, theSTU alternates
between a forward scan (Swath 1) and a reverse scan (3watdo. 3was performed on the



reverse scan sweep. Rdmhe memoryreadout (MRO)analysisshowed that thdirst star
registered was the correfotst target star (Gamma Crux), but that it was rejettedause of a
possibleSTU idiosyncrasy. It wapostulated thabecause the reverse scan (Swath 2) caused the
STU FOVEA to sweep across thdilky Way before reachinghe target star, the background
voltage buildup from first viewing the dense star field caused a misreading of Gamma Crux.

This explanation wakater rejected whedatareceived over théollowing 25 daysshowed that
the next thirteen Swath 2 starcals wstecessful (withthe exception of aingle, unrelated
failure). Withthe subsequent thirteen Swath 1 scans also successful, a random Hailweare
within the STUalso appearednlikely. Furtheranalysis led to gecondpreliminary conclusion
that a strayparticle or object passed through iU FOVEA,possibly as aesult oflaunch or
near-earth activities, such asertial upper stage (IUS) separationThis problem afflicted
Magellan for over a year.

The STU demonstrategensitivity to activityaround the unitvhen it was turned on before
launch-but the exact cause was never determined. There appeared to be a statistical correlation
between activity ongoing netire hardwarevhen it waspowered-on, but noausal definition or

relation to the testing per séll analyses antesting indicatedhat the STU was operating as
designed. No bad or degrading parts were found. Project personrfeltalsat the expected-
more-benign space environment would result in fewer problems than during development, and
thatanyactual datdoss would be acceptable. In addition to accepting the rigkyafatalosses

when pointingerrors causebbss of thetarget,they believedoftware changes were an option for
mitigating any problems. There was no more test time to pinpoint the problem.

After contacting the vendor following the in-flight anomalies, JPL discovbket¢dhe stascanner
was known to be sensitive fwotons. Actually, the STUflight problemswere related to two
types of activity, where one wassansitivity toenergetic solar protons. Solar proteasulting
from solar flare activity cause spuridd$U interrupts. Theffect varied from single-protdmts
that simulated astar crossing thaletectorslit to a pulse oprotons that lookedlke noise. The
effects of the latteactivity could be s@reat that stascan performance decreased to rzeao
for several days following an event. In effect, the sensor used stathieacker waalso agood
proton detector.

The star scanner was designed for use in low earth orbit whereshiglted from solgprotons.
The specifications for the Magell&TU were written in terms @&urvivingexposure to radiation,
which it didwithout a problem. However, they waret written in terms okensitivity toproton
radiation at the time of occurrence of an event such as a solar flare.

The second type of activity causii®IrU problems was related to reflection of sunlight off
particles passinthe field of view ofthe STU. In particular, the post-laun@oblemmay have
been related to shedding of Astroqu@aritber-insulation particles by the thermal blankets. Some
shedding ofthe thermal blankets was observed afthe system-level vibratiortest. The
mechanism for this particle generation was not expected to pagefigant problenafterlaunch

and actuallydoes notexplainthe continuegbroblems in flight. However, themechanisnthat
generated the particles fight wasnot fully understood; theories range frahermally induced
mechanicaktresses to solar wind partickebich induced splitting of fiber particles causing them
to break loose. Thmechanisnthat expelledthe blanket particles from the surface \wabeved

to be the slight change in surface charge as areas\@dtiaetransitioned from dark thght; the
effect didnot exist on the shadowed surface and was most noticeable during transitions. Use of



these thermal blankets was forcedS¥¢ thermal design decisions made thie basis ofother
factors-see discussion for PFR 52228.

Although, the noise frorthis activity wassignificantly greater indensity and magnitude than the
noise from solaprotons, theimpact of it could be controlled by imposition of constraints on
dark-to light transitions. Asstate above, theffect becamanost noticeable during transitions
from shadow into the sun. Occasionally this strategy did not work.

The sensitivity ofthe staiscanner was lower than expectedhis resulted from amismatch
between the S/C turn rated the assumptions used to genestte catalogue provided by the
vendor. LMCimplemented a continuingpftwarefix to mitigateproblems, implementing set of
“foreground” and “background” softwafiters for the AACS star recognition process. Thiest
filter, the “foregroundfilter, was devisedwo months aftetaunch when problems first surfaced,
as a filter onaccepted scanner voltag&his filter was a magnitude check and was a trade-off
between setting broad magnitude bounds acceptamnyspurious interrupts and narrow bounds
blocking out real interrupts with voltage noise froproton impacts. The S/W patch also
tightened up the period dfme that the scanner interrupt was enabled.ater in flight a
“background” filter,which sreenedut crossingghat would result in annusually largettitude
updates wasnplemented. It pickedutthe bestwo of amaximum ofeight crossingshatgave
the smdest resultingupdate. The motivation fahis latter filter was taeduce thenumber of
scansthat were “throwrnout”. This led tothe acceptance of some scHrat should have been
rejected; however the success rate was still over 95% for the scanner.

As stated above, a softwacbange was a solutidhat was considered an option, if required,
prior to launch. Althougkhe type Bactivity (the Astroquartz particles coming ofthe outside

of thermal blanketsjreatedoo manyinterrupts to filter, avork-around was the propselection

of stars. Although thiogic screening filteredut most of the spuriougrotoninputs, occasional
problems recurred during solar flares-thissiontook place during a peak in soléare activity.

The mission impactwas considered minor, causing some swathmissing data andsome
mistakes in correlation ahe radiometric dataith the radadata. The use of thefiges implies
that developing work-arounds when problem/failure risk is assumed will help mitigate that risk.

One of thetwo fundamental causes ofie problems withthe STU,althoughnot the worst
(blanket shedding wasorse), was the use of amherited flightcomponeninot qualified for an
environment (solaprotons)different from its previousise. ThesameSTU isbeingused on
anotherflight mission, currently in development, with differences fribra Magellan Mission.
These differences includerajectory away fronthe Earthwith lower protonfluences from solar
flares. Alsothe spinrate of the spacecraft, in the curremssion, allowsnoretime in between
star-location updates, so that there is ntone to waitout asolar flare. This is providing, of
course, that thenission isnotright in themiddle of a criticalmaneuver. This latter risk has to be
accepted.

PFR 52223:During Magellan cruiseghe motor current for gyro B-2 wagen to jumpnitially

from 115 ma to 150 ma, arially reaching a level ofjreater than 36@na. There were
accompanying jumps itemperature. Excessive gyro drift subsequently preveniEsN from

locking onto theHigh Gain Antenna x-banfibr tape recordeplayback. This was followed by
further variations in current, temperature, and drift performance which led analysts to attribute the
problem to a chattering bearing retainer in the gyro synchronous motor.

Spacecraft attitude control was then transferred to the alternate Attitude Reference Unit (ARU),
which has been performing nominally. Gyro B-2 was eventually powered off dueetdrdraely



high currentlevels (>360 ma), and the gyro vendaews it as a failedjyro. Diagnosis of the
problem centered on an increasdhe gyro motor torque caused dyntamination or lack of
bearing lubrication.

This in-flight gyro-bearing problemccurred because the vendor was able todetect aflaw in
pre-delivery cleaning aothe gyro andotify JPL until after launch. The gyro lubricabecame
contaminated with solvent causing lubricant failure. The vepele@vedthat theMagellan gyros
had demonstratethat they werenot effected by thgroblem by havingenough runningime
without failure. By this timethe problem withthe fixture wasorrected on new gyrdbat were
being built. The problem resulted from a manufacturing-process chvanigh allowed cleaning
solvent, used duringssembly, to leakround a fixturevhich did not always seabround an O-
ring. It should benoted thathis type of bearing problem isliéetime issue, andmpossible to
detect in non-accelerated environmental testing.

Although, gyro problems (overheating and erraticent) occurred duringystem solar thermal
vacuum (STV) testing, it isot believedthatthey were related to the-flight problem. The STV
test-induced erratic behavior wastafo types: 1) one resulted &xcessive gyro temperatures;
and 2) the second type resultecextessivanotor currents. Imeality, the two problems were
related and probablgue to retainer-ring vibration, a problertinat if recognized by the vendor,
was not revealed prior to launch. The temperature problemtreaded as a heat conduction
problem. At thdime JPL was concernelat theexcessive temperaturggght be potentiallyife
limiting. Postlaunch, it wadfinally determinedthat the erratian-flight behaviorwas due to
solvent contamination of tHabricant during assemblgnd unrelated to th@oblems occurring
during STV testing.

Therefore, thgoroblemarosewhen a vendor made manufacturing-process changes, and did not
thoroughlyverify that thechanges wouldot affect thefunctioning ofthe gyro. However, not all

of the gyrosbuilt this way failedprior to the vendodeterminingthe cause of the problem), and
this type of gyro is still in use.

PFR 52224:The commandlatasubsysten{CDS) suffered a read paritgrror resulting from a

bad memory cell. Fault protection software initigd#@ safing fromProcessor B, afteswitching

from Processor A which went into a suspended state. The cause of therparityas attributed

to a gate oxide deficiency caused charge leakage allowing the memory cell to change the bit value.
The culprit device was a Harris 6504 RAM. A software patch was used to change commands so
that failed bit would not adversely affect the command sequence.

Although TCC244 RAMs experienceghte oxide failures during memory burn-in at Sandia,
blocks of TCC244s were replaced with Harris 6504 RAM&@nCDS because of a eutectic die
problem affectinghe attachment of the wafer to the carrier. It belgevedthat mechanical
failure could occurleading tofracture. The Harri€hips whichwere processedifferently and
thought to be better.Although gate-oxide problems hadcurred duringoenchtests of the
TCC244 chips, and later with Harris 6504 chippg risk of asignificant mission impadue to
gate oxide failure in a Harris 6504 chip was accepted to be minimal due to an expetédréiow
rate. Also impacting the decision to leave things as is, was the fully redundant memory.

This in-flight problemdemonstrates one result of tblassictrade-off between replacement of a
partwith demonstrated problems with atught to be more tolerant pvoblems (although not
problem-free). The Harris chipgere not burned in ogualified as extensively gaeke TCC244



chips. The replacemepart wasalso newer and consumed Igssver. The acceptance of the
risk proved to be justified as this P/F had no mission impact.

PFR 52225:The DMS-A track 2playbackdata showed corruption occurring in thhame-sync
code and the data portion of the frame. &hemalyappeared oftract 4next, andinally all four
tracks were badThis was also known dke “slip-a-bit, flip-a-bit” problem. Thanostplausible
explanation for the DMS-Alight problemswas low record signal strength to the taplkich was
probably caused by an electronic compof@iire ordegradation in the record electronics. The
components considered were eithentwbd specific capacitorswhich could have degraded via
capacitive shorting. In-flight testing revealed that attempts to write over thiaitegeo remove
the old data. The reason accepted forf#élilare to eradicate the old data was that the voltage
drop caused by a degraded capacitor was great enough to prevent aeglagofiom closing;
thus producing ndias ordata,allowing the old data teemain undisturbed. This failure mode
has since beedisputed anall thatcan apparently be concludedhat theproblem wadocalized

to the record electronics/head. dctuality, it could have been eitherma&chanical or electrical
problem.

There weresimilar problems with thigape recorder in othesatellite flights(the GSFC Compton
Observatory (formerly the GRO satellite), Geosat and Hubble satellites), thadtheweshown

up in test. In thecase of Magellanthe bit-flip error rateduring pre-launch testing was
acceptable. Therefore, tipeoblems didnot show up during pre-launch testing and check-out,
and only worsened with and/or use during flight.

PFR 52226: Shortly after launch, telemetry indicated tHdcket Engine Module (REM)
temperatures werhigher than predicted. In a tail-towards-saftitude, REM temperatures
ranging from 39C to 5FC were detected, instead of the 15 tdQ@%expected. The direct
operational impact of thisnomalywas to imposattitude constraints on a certain portion of the
cruise phase of thmission, as well aduring mapping othe Venusian surface. Mission planners
had tomaintainspacecraft attitudewhich would preclude pointing theocket engine nozzles
towards the sun.This precluded mapping of higher planetary latitudes duhedfirst extended
mapping mission, and it resulted in some loss of extended mission data.

Since amdequatesubsystem thermal design appeass to have been done, the Rodkagine
Module (REM)problem was probablgiue to restricting thpb of doingthe thermal design on
this subsystem tthe REM vendor. Although, theystem-leveSTV testwas constrained by the
S/Cgimbal, anover-heating problem did appear durlB§V testing. The vendamplemented a
corrective action (a sleeve around the 100 catalyticbed regions), but thechedule did not
allow for testverification. Entrance of simulated solar insolation the interior of theocket
nozzle in a tail-towards-sun spacecraft orientation, pitecipal over-heatingnode of solar
radiation going down the nozzle, comldt besimulated withthe existingtestfixture. In addition,
a low emittance nozzle coating impeded heat transfertestiexture was inherited from another
program and couldot accommodate an angleiatidence whictwould testthis heating mode in
the STV test.This was a case wheresaparate STV test at thesembly level allowing all of the
variousflight orientations would have provided a lotusefuldata forevaluatingthe problem. A
developmental model for use in such testing would have been useful.

The REM problememphasizehe importance of preventing futyseoblems by performing a
rigorous thermahnalysis ofthe subsystem. In effecthe systemcontractordid not verify the
thermal design tdhe extent required. And asstated in the“Lessons Leaned” Section in
Reference 2, systems thermal vacuum testammot be substituted for component therdesign



qualification or flightacceptance testing.This situation led to an expensiget of post-launch
tests to verify operation of the REM at the higher temperatures.

PFR 52227:0ne month after the REM over-temperature problem was reported (PFR 52226), the
temperature of the SoliRocket Motor(SRM) forwardflangearea was also found to bhegher

than expected.Thermal analysisndicatedthat theeffective solarabsorptance of the separation
flangeswas underestimated. Model correlation showed that the absorptanappr@smately

0.53 instead 00.36. This additionaheat transfer could bexplained by an increase time solar
absorptance of the separatitanges abovéhevalue assumed kihe MagellanTRASYS model.
Subsequent tests showed thatrgmulting higher temperaturegerewithin the acceptable range,

and that no operationasolutions such as attitude adjustments were necessary. Hieisce,
temperature limit violation had no impact on the primary nor the extended mission.

Because of thenability of the simulated solar radiation to reaitte affected surfaces in the STV
test due tdimitations ofthe testonfiguration, theSTV testwasunable todetectthis problem
prior to launch. Therefore, it is important to develop appropriate te§iktures and controls to
test anmassembly or subsystemtime expectedlight configurations. In addition there wasaak

of proper inspection of optical surfaces to ensure that they had the required optical properties.

PFR 52228:Beginning early inthe mission, and continuethrough VOI andmapping, sensor
readings in the attitude-control processay area, also known as the On-Board Computer
(OBC), and theCommand Data Subsystem(CDS) bay indicated highdghan expected
temperatures throughout the spacecraft bus. JPL attention focused on the 1 “ Opfeal*
Solar Reflector (OSRjiles which control solar absorption by thdagellan spacecraft bus.
Degraded reflectance of these tiles appeared thebbesexplanation othe problemsince no
defects could be found with thtwermal modelnor the solathermal vacuumtest data.
Electronicsbay temperatures were greater than predicted feanly cruisethrough Venus orbit
insertion and mapping. Sindke new OSR absorptance curve could affiegtt operations,
including limiting datacollection during certain Venus mapping cyclég mission impact was
rated as “Potential for Major Impact.”

The mostlikely cause for degradation of the OSRs is contamination akefleetive surface by
spacecraft materials which affect heat absorptance. Major contributors to the contamination were
the RTVadhesive used tattach the OSRs to the spacecraft and the strucdhasive used in
the solampanel honeycomb. Orgarpcoducts fronthis gluemayhaveout-gassedvhen exposed

to vacuum, and condensed on the colder surfaces (as compared to tparsdawhichvere
warmer). Studies showed that théense exposure to ultraviolkght may have caused them to
polymerize onthe OSRile surface andreduced its reflectance causing anfavorable
absorptance (solar rad.) émission(IR) ratio. Although Magellan thermal-vacuutastsdid not
reveal this problem, longer duratibigh temperature tests conducted by the TOPEX project on
gualification panels using a similar honeycomb matet&kectedsignificant venting from the
edges of the panels. During aerobraking in the upper atmosphere of Venus, cxtgyeit
apparently cleanethe OSRile surfacelending credence to th&éincreased absorptance due to
polymerization” hypothesis, rather than irreversible optical-surface degradation.

The problem surfacedarly because dhe need to reorient the REM; however, it wdudde
occurred later in thenission in anycase. Sucliigh temperatures can exertlife-limiting effect

on electronics. The thermal design of the S/C was marginal due to using fixed high-gain/ RADAR
and altimeter antennas (where the altimeter antenna ifxadaelative to gparticular point on

the other antenna)This design required antenna pointing to be dbneugh constrained S/C



orientations so thatll surfaces were exposed to the sun at Venus. Use tkedeantennas led
to a difficult thermal control problem.

Additionally, the fact thathermal control was compromised by contaminated optical surfaces and
adhesives suffering chemidaleakdown under UV exposureiiglicative ofthe need for better
materials control policies. These wouldnclude debugging before launeaimder flight-like
environments, and a long (~50-100 hngacuumbakeout forremoval of volatiles from the
adhesives.

The “Lessons Learned” Section of Referencgta?es thatFull-scale thermal vacuuresting is
mandatory for thermal desigwerification for establishingthe interrelationships between
assembliesand fofinalizing the thermal control configuration fothe spacecraft.. ]. The
system-level verification can be supplemerttedugh integratedhermal analyses andsaund

test programnvolving components, materials, and partial configuratests”. All of this points

to a lack of appropriate supervision system-level thermatontrol. This lessons-learned
statement also applies to the two PFRs discussed just prior to this one (PFRs 52226 & 52227).

A significant impact ofattempting to control the peak temperature experienced in the electronic
bayswas an increase in ttigermal cycling othe electronics. These control measeraployed
severalattitude sequence scenarios developed to shade the eledtaysi@portion of each 3.1

hour orbit. Thebays inquestion housed the CDS and the OBC. The midsted wasthe “two

hide” conceptwhich cooled the S/C by positioning tbhelk of the S/C in the shadow of tihegh

gain antenna twice eacbrbit. The objective was to keep the electronics beltight
acceptancetestlevels of50-55C. (compared to desired pre-mission predictions &CB0 The
thermal cyclingcontributed to stressing of electronic packagelsiding solder joint fatigue. An
attempt was made to keep the depth of the thermal cycles to lesstGa hlinimizeelectronic
solder joint fatigughat could cause prematuiglure. In additionthe performance of exciter B
(see PFR 52243 below) tended to improve wittreasingtemperature and decreasing thermal
cycling. Of course, the use of these strategies caused a reduction in mapping and playback time.

PFR 52229:This anomaly involved a changethme radaframe formatthat wasnot expected.
The change in the format was due to a CDS/RADédtnmand timing-synchronization
idiosyncrasy whictwasfixed by careful command timingThe exact commanining was never
testedduring ground testghis might been avoided &l command sequences, along with their
critical timing characteristics, had been testeduinctionaltests. Also useful, might have been a
detailed review of intersystem interfaces. These kind of interface problenasnenable to
system-levetesting only. The problem was found aned duringthe cruise phadests and
thereafter, and did not have any impact on the mission.

PFR 52230:Following release afhetwo solar panels duringear-EartHaunch phasedylagellan
telemetry provided nmitial indicationthat thepanelswere latched. At theame timéhe Shuttle
astronauts observed tipanels to be deployed. The microswitch on each panel must close to
provide a latch indication. The panelsre thenrotated into gposition where they received a
positive reaction force during theunch vehiclaipper-stage burn, providinghegher probability

of deployment. A solar panel latch indication was received a few secondmgfter ignition, so

no further action was required.

PFR 52231:This PFR consisted dhe firstfive separatancidences of many WTA shutoffs,
starting 4.6months after launchhat wereeventually mitigated byperational work-arounds.
Fortuitously, they dichot occurduring a critical time such as Venus Orbit Insertfgi®l).



Spacecraft fault protection waventually modified to make it'mitial response to a loss of
TWTA output be a restart of the same TWTA, rather than a swap to the backup TWTA.

There were four such TWTAncidents before launch duringround testing. No long-term
corrective action was recommended. The TWTAs Megellan were inherited from the
International Solar PolaMission (ISPM, later Ulysses) and had heritage withe GSFC
TIROS/NOAA and AirForce DMSP meteorologicahtellite programs and wenet requalified

for the Magellan mission.The fact that TWTAshut-offs occurred in thiight acceptance tests
indicates that an inherited design characteristic was at fault. Although, the shut-off were accepted
as an operationadliosyncrasy angausedonly a smallamount of data losshey occurred more

than predicted and were of some concern. A detailed review of inhdesgephs and possible
requalification of inherited hardwafer Magellan requirements thatay have beedifferent than

prior programs may have been beneficial to the program.

PFR 52232:A 0.5 amp deviation ithe +X solampaneloutput, ascompared to the -X panel
output,was detected 4.honths aftetaunch of Magellan.The timing of the poweloss was
coincidental with a penumbral spacecrafignment placingthe altimeter antenna (ALTA)
structure in front of the solgranel in line withthe sun. Data suggested that AhdA was
casting a shadowanto thelower portion of the +X panel, reducipgwer generationReview of
pre-launchphotosand drawings showed such an overlap. Due to an adgupve¢emargin, the
loss of0.5 amps wherthe ALTA was in front ofthe solampanel was viewed as minor and as
having no missiorimpact. The cause of thenomalywas insufficient analysis ofstructural
interference (structural design).

PFR 52233:This anomaly involved the improper functioning of the range/rate time mechanism, in
effect disablinghe rate/range and gyvariance detections. A softwalie was used to set the
rateswitching delay timepreset to 0. It appears to be a software issue, rather tremsembly-

level or system-level testing issue. This had no impact on the mission.

PFR 52234:Magellan telemetry provided an intermittent indicatioext twochannels omgyro B2
were producing gyro counts fall scale. After gyrgpowerbecameeset during the autonomous
response to the first heartbeat I@somaly (see PFR 52236 below), the Bfitputs were
observed to be nominahd consistent with readings framther gyros. Attempts to reproduce
this failure mode were unsuccessful, and the cause is unknown. ofiipecorrective action
implemented was to reassign the B2 channels to backup use.

PFR 52235:Within 7 seconds after solid rocketotor separation, thB-side of theMagellan
commanddatasubsystenfCDS-B) received erroneous alert codes from AACSHids anomaly
was isolated tanemory B inthe on-board computer, wharemory bit 4was found tdave
stuckhigh, causinghe read/ write operations to mis-address a blockevhoryused to receive
CDS commandsThis addressing failure affected at least 2K of RAM. MemowaB marked
off-line to inhibit read/writes tomemory B, preventinghe AACS from operating iimemory B
RAM (preventing an inadvertent command to beepted by the AACS). JPL wable to match
these symptoms using a failure model in which a latch up failure occurred to a TCC244 chip.

A voltage transient through the spacecchtissis ishe suspected cause of themory failure.
JPL determined through groutekts that byiring one or more NSI (NASA standaimitiator)
devices, a plasmpath to the case could conduct enoabhssiscurrent to cause theemory
failure. Chassigurrent can be generatechen a post-firgplasma inthe NSlallow the NSI
conductors to short to the cadering their firing. Eight NSIs were usesimultaneously during



SRM separation. The AACBemoryboard isphysically located 1/4-inch above the ground
plane, and a voltage transientooly one volt issufficient tocause thédACS memory B failure.
The results of NSI grountestfirings led tothe conclusiothat amemory failurecould result
from this noise-induced environment, and a TCC244 latch up model prediction of elseitual
healing” corresponded to observations.

Magellanwas equipped wittwo redundant AACSsincluding two 32K memories and two
processors-all cross-strapped to be interchangesiffenthe memory losoccurredmemory B
was serving as a backup, performthg same functions as memory [fut notcontrolling the
spacecraft. Although some areasr@morycould not beexamined fronthe ground, it appears
likely that 4-8K ofmemory B became unreliabdad, in effectunavailablefor use. If this loss of
available memongpace had occurrggermanently in memory A arttie spacecraft had had no
redundant B-side, theissionwould have ended at SRM separatiohssuming an intermittent
condition occurring later in a single-stringssion,ground controllersnight have been able to
program around the glitch. Their success would have dependekiadnparticular code was in
the affectedmemoryspace at théime of the failure andwhether the programmers hadhe to
insert a fix before the mission entered a critical phase.

The cause of this memory problem waad commonlyrecognized at theme of occurrence.This

is basically acircuit design issue, that wast easily recognized,involving pyrotechnically-
initiated electromagnetic interference that ultimatebulted in a latch-up of the electronics. It is
recommendedhat it be treated in the future ascacuit-design issue requiring #orough
analysis. There is further discussion in the recommendations section.

PFR 52236:This problemoccurredwhenthe commanddatasystem(CDS) detected #&ack of
Attitude Articulation Control System (AACS) heartbeat, and bebanheartbeat loss response
execution, putting the S/C intosafingmode. The lack of a heart beat is attributed to a runaway
program execution (RPE). The RPE is now considered to have resulted from a butightthe
control software. This problem was exacerbated memory problems ithe backup computer
caused by latchup tied topgro-firing induced byground currents (sgaroblem discussed above
for PFR 52235).

The directimmediatecause of the RPE was @ming idiosyncrasy irthe AACS flight software

that caused thAACS to enter amnfinite loop. Factorsvhich possiblyexacerbated thproblem

were the recurrence of a non-repeatable pre-launch back-up computer pphbdense of the

bad memory othe backup computer, i.e. caused by the latchup. The non-repeatable pre-launch
back-up computer problem caused itréamdomly walkthroughmemory. This combination of
these three factors, the RPE, the back-up computieran intermittent, and thiaulty memory

due to a latchumll came close to causimgission failure. Eventuallyhe flight fault-protection
software wasnodified to enable a raprm@start of the on-board computer diying it ahardware

reset without entry intsafing or cancellation dhe sequences. A software patch was also used

to temporarily circumvent the bad memory which eventually annealed and healed itself.

PFR 52237:This wasanotherexample ofthe tape recordgroblems discussed in connection
with PFR 52225 above with problems leading to data corruption.

PFR 52238:The writing to a protected memory can probably be attributed to a runaway program
execution (RPE). See thescussion for PFR52236 above, and 52241 for the causes of and the
responses to the PFR.



PFR 52239:A gyro swap occurred during Venus orioisertion and separation of the SRM due
to a coincidental convergence of separatlgnamicswith stepper-motoinducedrate changes
and a tight variance threshold value. Since it had no impatheomission, noaction was
required. This involved flighthardware and software interactiongt amenable to pre-launch
testing.

PFR 52240:During Venus encounter, temperatures in Magellan electronics bays exceeded
Venus orbit insertionVOI) predictions andoay acceptancdimits. This problemwas fully
discussed in the comments on PFR 52228.

PFR 52241:This wasanother occurrence where the CDS detecté&tla of AACS heartbeat,

and began the heartbeat loss response executinlike the problem discussed for PFR 52236
above, this problem only involved the RPE. The backup computer was not used and there was no
memory latchup. Therefore, the mission was not put in jeopardy as before.

PFR 52242. The Magellan solar panels began jittering during mapgagses, causing the
spacecraft to oscillate Analystsnoted a growingdivergence sincéhe beginning of mapping
operations between the solar arrdyive motor (SADM) commanded position and the
potentiometer reading of actual position. If this divergence had been allowed to cdigimue,
software wouldeventually have signaled a SAD®bntrol Loss fault indication. JPL attributed
the divergence ttorqueapplied tothe drive mechanism bthe repeated changes in the direction
of panel movement during jitter.

The problem was exacerbated thye excitation of a structural resonance in the qaaels,
causing severe vibration. The jittering effect itself, however, was caused by a deficiency in the
flight software algorithm used to calculdtee desiregbanel positiorfor oblique sun incidence
angles. This problem warrectedwith a patch to the articulation contrfiight software,
eliminatingthe jitter byswitchingthe solar array control to an open-loop méaiet using sun
sensors while celestial geometry was unfavorable).

PFR 52243:This PFRoccurred 22.5 months afteaunch andesulted insignificant downlink
degradation due to the presence of a sweeper spur causddilbyeanthe last stage of the X-
band downlink exciter Bgapability was down to 43%. Thiilure seriouslydegraded the
transmission capability by preventitige subcarriers from operatingransmission was switched
to exciter A at this point, and therefortlhhe only consequence was significant loss of
redundancy.

Although the cause of thiailure was unknown, the mobkely cause was a damagedip
capacitor, a CDROL1 type, in the last stage driver circuit. It was postuletedalue of the
capacitance changed due to sensitivity to thermal stresses; such capacitors often crack when over-
stressedhermally. The thermal stresavolved here was a large number of therrogtlesafter

the stress of interplanetary vacuum. Priorldonch,the capacitor underwentnamber of
soldering operations leading to the possibility of damage durirestieenblyand alignment of the

module.

The reason for the rework wasaarning fromthe radio manufacturéinat some of thenternal
ground strapslid not havesufficient stressrelief and had digh probability of breaking.Upon
disassembly, broken straps which would have led to potential flight failures, were found.



The capacitor dichot exhibit degraded performance (lower capacitanc#j after the S/C was
subjected to a relatively large numbefflafht thermal cycles.The transponder wagialified to
have a lifetimeexceedinghatexperienced during flighthe chip-capacitdifetime was shortened
by thethermal stresses duritige above-mentioneg@work. A betterequalification plandr, or
inspection of, components afgnificantrework n-Light have mitigated this problem. It would
also be beneficial to minimize the amount of rework on flight components.

PFR 52244:Five Magellantemperature-sensofailureswere documented on a single PFR (PFR
No. 52244). These temperature sensdadled in various locations at various times starting
approximately 1-1/2 years after launch:

Part No. ISA No. Anomaly Date Location Symptom

E-00149053 90-295 Multi Layer Insulation T2 Erratic Performance (SADM)
E-01009054 90-2% HGA Reflector Sensor Erratic Performance (SADM)
E-MS8766 90-336 Multi Layer Insulation T3 Failed High (1255dN)
E-01068761 91-M Medium Gain Antenna Failed High (255dN)
E-01849280 91-218 Shunt Radiator T1 Erratic Performance

Three of the sensors beggiming erratic readingétwo of which were correlated with solar array
drive vibration) and the other two read full scale, indicating an open circuit. Sensor E-0100, listed
above agxhibitingerratic performance, aldailed later as an apparent open circuit. Prior to the
failure of Medium Gain Antennsensor E-0106 during orbit 1733, it wagling approximately

155°C per orbit and had begrerforming erratically. HGA reflector sensBr0100 wasalso
analyzed: it began to exhiletratic performance 17 months into thessionafter experiencing

both extreme temperatuogcling of 100-150C and solar array driveotor (SADM) vibration.

No details are available on the environment of the other three anomalies.

The thermal sensors in question wa@ measuring temperatures whose loss represented a
critical dataloss to themission atthe time of detachment. In addition, theyere placed in
locations where the risk of detachment was significant. dmeronment atthe point of
attachmentgspecially dynamienvironments, make it difficult to sustdime attachment. Some
thermal sensors were also mountedtlmmthermal blankets, a particulardifficult location to
secure such a sensor. When thermal seasenmsiountednternally to measure a critical function,
several sensom@re used to provide datdich canthen be cross-correlated. The chance of the
internal onedalling off is much less than dfie externally placedensors. In the event that future
missions willrequire criticakemperature measurements in severe environments, better attachment
techniques will have to be developed and qualified to these environments.

PFR 52245:The radar pre-regulator curresgnsitivity to a sofgroundviolation was attributed
to a propellant lindeater short.This had no impact othe missionand there were fmaining
parallel heaters to make up fahe shortfall. A similar problemoccurred in ground testing,
caused by alamp onthe propellant line cutting into the healiees causing ashort. There is no
explanation whythe testinglid not detect th@otential for the secongroblem which apparently
required the added exposure to the flight environment.

PFR 52247. This was a case @MS motorfluctuationsthat weredetermined to be normal and
an incident surprise anomaly was voided.

PFR 52621: This RFS PFRoccurred 2.7%ears aftelaunch wherthe subcarriers on exciter A
were lost. The S/C was switched over to excitewtidch hadonly 43% (see PFR 52243)
capability. At thispoint the primary objectiveswere met; furtherRADAR mapping was



precluded, butsincethe main carrier wastill good, thegravity science measurements could be
accommodated.

Thefailure was attributed tdeaky glass passivation on an op aimgt allowedtrapped moisture
to form an acidic compmd thatfound its way to aesistor, etching it and causing it fail.
Although the passivatiogystem wasuspect and &ilure occurred in ground testingchedule
problems andhe lack of significantdata on a newassivation process at thime restricted the
use of devices witthe new system. Also, rigorous testing of the aligeices inthe samelot in
water produced no failures. Devices with the older passivation system are no longer used.

The loss of the transponder subcarriers was due partafailure. However, the part was
rigorouslytested beforéaunch with onlyonefailure. The op amp in question had a passivation
technology no longer used; however, schedule constraitke &itne prevented replacement.
This failuremay have beecaused by the power/thern@iclesthe transmitter receivedliring
mapping(see discussion for PF52228 above). Also, thework undergone by the transponder
may have impacted the lifetime of the part.

IV.  SUMMARY OF LESSONS LEARNED

System Contractor/Subcontractor/Vendor Interaction

The Rocket Engine Module (REM) overheating resulted fromsyis¢emcontractorfailing to
validatethe thermal design ofhe vendor andot insisting onrigorous testing at theubsystem
level under solar illumination. This is an example batvcan happen whehe systemcontractor
assigns a systems-level integration function to a vendor or subcontractor andtdaidate the
results. This lack ofattentionearlyon, coupledvith thelimited STV testperformed and lack of
proper retest on théx imposed, led to a very expensive post-laupadgram toverify REM
operation at the temperaturbsing experienced.The STVtestwas limited in that the REM
couldnot be tested at mipte attitudes with respect to the suSincethe actual REM operating
environment was tied tthe fixed high-gain/ RADARand altimeter antenna design, tieeessity
of thoroughly thinkingthrough adesign and its subsequent impact on hardware operation and
testing cannot be overemphasized.

There areseveral examples where closer interaction wéhdors and subcontractarsght have
prevented omlleviated problems. The drive by LMC to haldsts on a low-codixed-price
contractmay havempededdataflow and working relationships. Tlgro, which had a bearing
problem, was onexample. Problems showed up in environmental testing. The cause of the
problem was attributed to a retaining ringMhich a materials change had been maidee actual
cause of théearingwear was due to a manufacturing-process chémaferesulted irtooling

being used during thecleaning process thatallowed solvent to leak intdhe bearing,
contaminatingthe lubricant. The vendor hadt qualified the gyros producedsingthe new
tooling.

The tape recorder was anotlexample of a&component with problems in flightBoth the tape
recorder and gyros may have benefited from better life testing.



Thermal Control Problems

The thermal control problem dviagellanwas particularidifficult because of tha@ecessity of
exposingall surfaces of the spacecraft to the sun at Vembgh isthe equivalent otwo earth

suns. Exposure of all surfaces to the sun was necessitated by théxeskhogh-gain /RADAR

and altimeter antennas (i.e. pointed these antennas at Venus, exposing most S/C surfaces to the
sun during most of the orbit). The use of a sun shade as the S/C orbited around Venus was
prevented. This requiredS/C thermal-control strategies to reduce peak temperatures in some of
the electronickaysthatled to some undesirable thermgtling and loss of scienaata. These

latter effects of the thermal-control strategies were mitigated by demonstration, thmanggh

testing, of the ability of the electronics to operate for periods of time n&r 50

The MagellanS/C was forced to operate under sevkeemal conditions (i.e., subjected to both
higher temperatures and transients associated with orbital exposure variafidms)condition

was made mordifficult because of the unanticipated changes in optical surface propartres
flight, as well agnadequate characterization of some of the optical properties of exposed metal
surfaces. The former conditiomvolved contamination ahe optical surface reflectors (OSRS),
and the optical-surfaces coating byerical compounds formed from UV breakdown of the
adhesives holdinthe OSRs. Thproblem with metal surfaces resulted from a lack of adequate
inspection criteria toverify that the desired optical surface properties (emittanadues
measurements) were haeved as specified by thermaontrol engineers. This was a
workmanship/ processing problethat bothLMC and JPL missed. Thewere alsosome
constraints on the STV testing thmpededadequate characterization of expected thermal
performance.

In summary,the thermal design , and its associated transient characteristicglifficagt to
analyze andest,and this made difficult to correlate ground-test resultsth the thermal model
and materials properties.

Inherited Hardware

The TWTAs on Magellanyhich were inherited fromthe ISPM program and had heritagi¢h

GSFC TIROS/NOAA andAir Force DMSP meteorologicadatellite programs, were not
requalifiedfor Magellan. The occurrence tie TWTA shubffs duringthe flight acceptance

tests suggests that the acceptance of an inherited design without requalification may not have been
a wise decision. That is, requalification othe TWTAs would have occurregrlier in the
development cycland thusnay haveprovided moreime for addressing the corrective actions

for the problem. Howevecostconstraintanay havepreventedany decisiorthat differed from
thoseactually implemented. This wouftbint to thenecessity of a detailed review of inherited
designs andhe need forequalification of the hardware fodifferent uses tharoriginally

intended, including different requirements and environments.

The Star TracketJnit (STU) wasinherited fromthe Inertial Uppe6tage (IlUS)aunch vehicle.

In thatapplication, it wa®nly subjected to particle radiation presesithin the earth's Van Allen
radiation belts. It was also calibrated witktar catalogue appropriate to the turn rate of the IUS
vehicle. Use of this hardware tre MagellanS/C subjected it to sol@grotons produceduring

solar flares. Th&TU had beemualified to surviveprotons,and to function after exposure but

not during theprotonflare event. This failure to qualifithe STU tofunction during a solaitare

led to spurious responses during proton flares. The improper star catalogue problem was less of a
problem but required updating of the catalogue.



Impact of Faulty Flight Software

Although themain emphasis othis report is on hardwar@roblems and hardware ghact
assurance, the first occurrence of the loss of AACS heartbeatxample ohardwareproblems
interacting with a software problem, to create a situatiochmore serious than if th@oblems
had not occurredcoincidentally. The event was initiated bysaftware timing idiosyncrasy
causingthe flight software to enter amfinite loop; the S/Csafingsequences combined with a
computer with an unrepeatabjessible hardware, fault and a latchupome of itsmemories
almost caused the loss of thaession. The latchup was probabtiue to a pyro-firing. The
initiating problemwas a software problemincethe hardware anomalies, themselves would
not haveled tothe potentially catastrophic consequencégis is, therefore, arexample of a
potentially mission-threatening software problem, itssible hardwargvolvement,that must
be identified prior to launch.

Pyro-induced Structure Currents

A problem not previously wellunderstood surfaceduring theMagellan flight. Thiswas the
occurrence of pyro-activation induced latchufhis resulted fronthe electromagnetiooupling
generated by unintended transient-current ground lauhscing noisevoltage transients in
sensitive electronic circuits. The sequence of eveatsng tothe transient ground-loop current
is initiated bythe heating of a bridge wire settioff an explosiveharge. This can result in
cracking of theencasing ceramicup of the activation device, a squib, and generatiorptatsana
shorting the bridge wire to tlehassis. The resulting transieatrent loop willinduce a voltage
in a near-by circuitoop (containing the electronics), orientedtkat the magneticfield of the
former has a component perpendicular to the plane of the latter.

Preventing this type of problem requires careful circuit desigmplaysical placement of circuitry

(See Reference 4). Two approaches can be used to prevent this problem. The élistirsate

the structure current bgolatingthe return circuit-from ground Iplacing a highresistance (~5
KOhm) betweerground and the power source. should benoted thatMagellan had such a
resistor, but had a capacitor in parallel to deal with RF mdig#h could have defeateatie use of

the resistor. If isolating the pyro-activation circuit is not practical, then the effects of the structure
current must beninimized. Onthe S/Cthis can be achieved with placement and layout of the
sensitive circuits and positioning tife pyro circuits.This should be followed up by a detailed
analysis, and/or gest program. Itesting is performed, care is required so that events do not
occur that could prove harmful to electronic circuits.

In summarytheissue of pyro-inducesitructure currents grimarily a desigrlayout problem and
a ground-current isolation problem. It is prevented by adheringaddgsign practices ilaying
out the electronics, and isolation fwgh (pyro) currents. An engineering-developmarddel
should be tested by firing a simulated (non-explosive) dummy pyro device.

V. CONCLUSIONS AND RECOMMENDATIONS

There is one thread through the pre-launch hardware performance history as documented in
Reference 3 and reinforced by the stumfmng reported upon here. That is thadgnizant
engineers an&/C system managers at amyssion-or-program-responsible agency, such as JPL,
need to workvery closely withthe systemcontractor to assure thptoblemsthat occurduring



development are adequately addressed and rigorous corrective actionplarented. In
turn, thesystemcontractor,needs to continuously interface with vendors and subcontractors to
also stay oriop ofthese problemsThis follows fromthe lessons learned dagellan in dealing
with the problems onthe staiscanner unittape recorder, gyros, and REM, fexample.
Reference 3 makeke following recommendatiori:For each workunit, a subsystem cognizant
engineer should be assigned to follthe subsystenprogress from requirements adedsign to
delivery. This is especialiynportant for one-of-a-kinduilds. Subcontractors shoufdllow this
procedure also.” Reference 3 citestdyme recorder and the transponder/exciter as gasa®
the chief design engineers did not follow through to development. sBoglystems had hardware
failures. The structures/mechanisms and propubsiercited asubsystems whettbe cognizant
engineer did followthe subsystenthroughout the processThese subsystems had fewer é&sb
serious hardware problems.”

When assemblgnd subsystem testing aachlysisare performed by vendors and subcontractors
without the proper controcompromisesnayarise. This is furtheaggravated when design and
manufacturing-process changes, however minor, on components such as the gynesleare
without the proper screening by the vendd@gstem-levetesting idimited inits ability to screen

out problems resulting from inadequate lower-level testikgr example, attempting to screen
out problems in system and integrati@stsmay cause conflicts with scheduling. Thenayalso

be a reluctance to undergo rework thmatyinduce new problemsAll of this tends tdessen the
benefits of a good overall test program.

This report also addresses the programmatic lessons learned from the studyMégbian
records andflight performance. These important lessons learned relate todesign,
development, fabrication arest processesThe following paragraphs provide conclusions and
recommendations relative to these lessons learned.

Do Problem Prevention Early

Although it may seem like aruism, theMagellan experience reinforcéise concept of doing
things early inthe hardware developmerycle that will reduceproblems in subsystem-and-S/C-
level testing and flight. Theccurrence of problems #te system-tesével frequentlyresults in
insufficient time toretest, reworkand fix and requalify hardware withpart substitutions and
design and manufacturing-process changes. Exampleghohardware where this was a factor
are the star tracker, the gyros, the rockegine module, anthe TWTAs. Preventinthis
requires that JPmanagers and cognizant engineeosk closely withthe systemcontractor and
subcontractor to resolve problems early in the process.

Inherited Hardware

Programs likeMagellan rely on inheritechardware design and component&xamples of
problems with inherited hardware have been described above.prifiee examplewas the
problem ofthe starscanner which experiencedrious problems in flight. Thstarscanner was
never qualified tmperate outside of the eartWan Allen belts. It had beequalified to survive
protons,and to function after exposupeit notduring theprotonflare event. Other cases of
problems with inherited hardware or hardware shared ethbr flight programsinclude the
TWTASs, the gyros, and the tape recorders. The gyoblem resulted fromthe use of a gyro,
whose manufacturing process was modified by the vendor and not thoroughly checked out.



Any design, processing or materials changes in components, sacbuasd with the gyros on
Magellan, should be scrutinized. Attention should also be paid to componentspraidges
have arisen in testing or otherflight programs, such as was the case withMagellantape
recorder and TWTAsThiswill require working with vendors, and subcontractors to enbate
potential problemsire screenedut prior to finalization ofthe designprocess and fabrication.
Design reviews, screenirtgsts,burn-in tests, life tests,and later in the processssembly and
subsystem tests are all tools that are useful.

Costand schedule pressures sometimes make it expediaotdptinherited hardware without
requalification when changese made tothe hardware, or to the functional performance and
environment in which itmustwork. This temptation must be resisted andilance exercised in
screening parts, components and assemblies on inherited hardware.

In general, problems related to operating time, such asthathape recorder or gyrosay be
uncovered by bettdife testing. In addition, thogeroblemsthat do notsurface untilflight may

be analysed tthe point where thay aret considered to pose fgnificant risk tothe current
mission (because of redundancy or sewoek-around) and dropped. Howevtrey maysurface
in a futuremissionand pose aignificant riskunder the conditions @ahat mission. Therefore, it
would bebeneficial tofuture missions tacarry problems to conclusion aattempt tofind causes
for problems that could pose significant risk.

System-level Design

System-level design issuase anotheproblemthat require particular attention from a systems
contractor. Asignificant problem experience by Magellaas the result of LM@elegating
aspects of theystem-level thermal desigeffort to a subcontractor. That was compounded by
not doing thesubsystem-leveksting required to prevent problems from surfacing dwgysgem-
level testing or in flight. Inmany cases this will require subsystem testing unitight
environments. Although, ihay bemore costly to do thadditional testingyaluable time and
additional cost will be saved later, as well as the achievement of a reduction in flight problems.

All of the S/Cmaneuvering wasot plannedfor prior tolaunch since, although Magellan was
anticipated to be warmer than a S/C orbiting a planet further from the sun than earth, it was not
expected to the extent thattually occurred during thenission. Lack of use of ashading
strategy (sun shade) thdid not involve transient thermal contrdeading to thermatycling
exacerbated the thermal problems on Magellan

Margin Testing

The Magellan experiencproved thevalue of margintesting. Flight hardware was forced to
operate ahigher temperatures than predicted. System-electropestion atapproximately
50°C was demonstrated duri®yV. When opticaproperties degraded, extended operation near
50°C required fewer attitudmaneuvers to shadbe S/C in order to cool thedectronics below
50°C.

Demonstrating that the REM could operate athigiler temperatures occurring in cruise was
expensive, especially sincentis done after launch. émder to dathermal characterization of a
S/C it isessential to addreske high temperature at thener planets othe potentially cold
temperatures at the outer planets.



Hardware/Software Interactions

In connection with the pyro-induced hardwareblem discussed ithhe previous paragraphs, a
softwaretiming idiosyncrasy(bug in the S/W) created mission threatening situation. This
illustrates the need farareful pre-launch validation aoftware, and dull accounting for the
effects of any software bugs coincident with hardware anomalies.

Finally, even if all of the correct design, test, and fabrication decisfenwade, hardwafailures
may stilloccur late in the S/@evelopment phase. At this point, trade-offs will have tonbde
between the expenditure tfne andresources tdix problems, and the risk of flying hardware
with potential problems. This will require neamalysison, or a review of thhistory of, the
hardware in question. A prediction fifght performance will have to be maded a decision
made on risk acceptance.
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The following private communications provided information that was used in writing this report:

a. Private communication with Joseph Plamondon, JPL, regarding Magellan thermal problems,
March 31,1995.

b. Private communication with Kenneth Starnes, Martin Marietta Corp.,
regarding Odetics tape recorder, April 4,1995.

c. Private communication with Julie Webster, JPL, regarding Odetics tape recorder, April 3,1995.

d. Private communication with Douglas Griffith, JPL, regarding Odetics tape recorder and also
general lessons learned, April 3, 1995.

e. Private communication with Tien T. Nguyen, JPL, regarding various part problems and also
pyro-induced structure currents, March 30,1995.

f. Private communication with James Clawson, JPL, regarding Magellan thermal problems, March
31,1995.

g. Private communication with Edward Liddy, and Russell Allen, JPL, regarding the gyro
problems, April 4,1995.



h. Private communication with Paul Gordon, JPL, regarding the REM overhearing problem, April
5, 1995.
i. Private communication with Gary Parker, JPL, regarding the gyro problems, April 5,1995.

J. Private communication with Paul Gordon, JPL, regarding the heating-line clamp cutting into
electrical insulation causing a short, April 17,1995.
k. Private communication with Joan Feynman, JPL, regarding the STU sensitivity

to protons, Sept. 13, 1995.

1. Private communication with Tony Spear, JPL, regarding various P/ Fs and
other contacts for information, Sept. 13, 1995.

m. Private communication with John Slonski, JPL, regarding of the STU anomalies, Sept.
14,1995.

n. Private communication with Frank McKinney, LMC, regarding various P/ Fs including the
STU, gyros, tape recorders, heartbeat loss, and the OSR tile contamination, Sept. 15,1995.

0. Private communication with Jim Newman, LMC, regarding the OSR tile contamination, Sept.
15,1995.

p. Private communication with Eric Seale, LMC, regarding the STU anomalies, Sept. 18, 1995.

g. Private communication with Rick Kasuda, LMC, regarding the heartbeat-loss anomalies, Sept.
18,1995.

r. Private communication with John Slonski, JPL, regarding various anomalies and the conclusions
drawn from them, October 13 & 17,1995.

s. Private communication with Greg Levanas, JPL, regarding anomalies with the CDS Harris
6504 RAMs and the tape recorder, January 5, 1996.



